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3Abstract 
Polyethylene is the most widely used synthetic polymer in the world. Most 
polyethylene is made with Ziegler-Natta catalysts. Polyethylenes for special 
applications are made with metallocenes, which are nowadays heavily patented. 
It is laborious therefore, to develop new metallocenes. The aim of this work was 
to investigate the feasibility of replacing the cyclopentadienyl ligands of 
metallocenes by aminopyridinato ligands without losing the good properties of 
the metallocenes, such as high activity and formation of linear polymer. The 
subject was approached by studying what kind of catalysts the metallocenes are 
and how they catalyze polyethylene. The polymerization behavior of 
metallocenes was examined by synthesizing a piperazino substituted indenyl 
zirconocene catalyst and comparing its polymerization data with that of the 
indenyl zirconocene catalyst. On the basis of their isolobality, it was thought that 
aminopyridinato ligands might replace cyclopentadienyl ligands. It was presumed 
that the polymerization mechanism and the active center in ethylene 
polymerization would be similar for aminopyridinato and metallocene catalysts. 
Titanium aminopyridinato complexes were prepared and their structures 
determined to clarify the relationship between structure of the catalyst precursor 
and polymerization results. The ethylene polymerization results for titanium 2-
phenylaminopyridinato catalysts and titanocene catalysts were compared. 
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8Abbreviations
A  Electron affinity 
Ap  2-Phenylaminopyridinato 
ApH  2-Phenylaminopyridine 
BuLi  n-Butyllithium 
χ  Absolute electronegativity 
CIP  Cahn-Ingold-Prelog 
Cp  Cyclopentadienyl 
Cp’  Any cyclopentadienyl derivative  
ε Frontier orbital energy 
Et  Ethyl 
η  Hardness 
HOMO  Highest Occupied Molecular Orbital  
HSAB  Hard-Soft Acid-Base 
I  Ionization potential 
Ind  Indenyl 
L  Ligand 
LUMO  Lowest Unoccupied Molecular Orbital 
M  Metal 
Mw  Molar mass 
Mw/Mn  Molar mass distribution 
MAO  Methylaluminoxan 
Me  Methyl 
MO  Molecular Orbital 
μ  Electronic chemical potential 
NMR  Nuclear Magnetic Resonance 
P  Polymer 
PE  Polyethylene 
Ph  Phenyl 
THF  Tetrahydrofuran 
TMA  Trimethylaluminum 
UV-VIS Ultra Violet – Visible region 
91 Introduction
The work of Karl Ziegler and Giulio Natta provides the basis for olefin 
catalysts. In 1953, Karl Ziegler discovered a catalyst that would polymerize 
ethylene at low temperature and pressure.1 One year later, Giulio Natta 
described the stereospecific polymerization of propylene.2 Ziegler and Natta were 
awarded by the Nobel Prize in Chemistry in 1963. 
Ziegler´s work was based on the purification of ethyllithium, which failed 
when the compound decomposed to lithium hydride and ethylene (1). 
H3C-CH2-Li → H2C=CH2 + LiH   (1) 
   
Ziegler found that the oligomerization of ethylene by LiAlH4 and aluminum 
proceeded as a kind of growth reaction, recently called the Aufbau reaction.  
In 1952, in Ziegler’s laboratory, 1-butene was rapidly prepared from 
ethylene and ethylaluminum. The catalytic effect was found to be due to the 
nickel in the reaction vessel. Thereafter, a systematic study led to promising 
results with chromium and zirconium compounds. In the case of titanium, the 
reaction was so exothermic that milder reaction conditions were needed for the 
polymerization of ethylene, and finally the TiCl4/AlR3 catalyst was found.3
While Giulio Natta was aware of Ziegler's progress, he was more 
interested in using higher α-olefins as monomer. Natta and his colleagues 
successfully prepared stereoregular polymer in 1956.4
Natta and Ziegler had different opinions about the polymerization catalyst. 
Ziegler considered that the nickel and titanium compounds were cocatalysts and 
the aluminum compound was the active catalyst. Natta, in turn, referred to the 
transition metal compounds as catalysts, and main group organometal 
compounds as the cocatalyst. Since 1955, both catalysts and polymers have 
become increasingly complex, and they have been divided into different 
generations depending on the author. 
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The first metallocene, ferrocene, was discovered by chance in connection 
with the synthesis of fulvalene in 1951. Once the structure of ferrocene was 
solved, Wilkinson and Birmingham synthesized Cp2TiCl2 and Cp2ZrCl2, which 
have had a significant effect on the development of the polymerization catalyst.5
Because the metallocenes are structurally known polymer catalysts, abundant 
information has been obtained about the effects of catalyst structure on the 
properties of the polymer. 
A big step forward in the use of the metallocenes as polymerization 
catalysts was taken in the 1970s. It was noticed that the activity of the 
Cp2TiCl2/AlMe2Cl and Cp2TiMe2/AlMe3 catalysts increased considerably when a 
small amount of water was added.6,7 In reaction with water, trimethylaluminum 
hydrolyses to methylaluminoxane (MAO). Even though the exact structure of 
MAO is not known, it is still the most widely used cocatalyst. 
Despite the popularity and versatility of metallocenes they cannot be used 
to obtain all the properties desired of polymers. The price of metallocenes and 
the need for a huge amount of cocatalyst make the industrial process costly. 
Moreover, metallocenes have been comprehensively patented and much effort 
has been expended looking for transition metal coordination catalysts to replace 
metallocenes with present coordination catalysts. Similar activities or molar mass 
distributions as with metallocenes are not necessarily achieved. The power of 
coordination catalysts is their easy convertibility, and nowadays coordination 
catalysts that are nearly as active as metallocenes have already been 
developed.8a
Early transition metal amido complexes offer an interesting alternative to 
homogeneous metallocenes in the polymerization of ethylene. The synthesis of 
homoleptic amido coordination complexes has been known since the 1930s. As 
synthesis skills developed, it became possible to prepare heteroleptic amido 
complexes from homoleptic ones with an amine exchange reaction. Nowadays 
amido complexes are made from a desired metal chloride and an amine or 
metalamido compound. The very first polymerization of vinyl monomers with 
titanium amido chloro complexes was made by Perry in 1963.8b
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2 Scope of the study 
The aim of this doctoral work was to study the relationship between the 
aminopyridinato structure and polymerization behavior. Section 2 examines the 
free energy profile of a catalyzed ethylene polymerization with the purpose of 
understanding why a catalyst and ethylene react the way they do, and clarifying 
the nature of the transition state of the rate limiting step and how this influences 
reactivity. The models of catalyst for ethylene polymerization presented in section 
3 are based on the hard-soft acid-base (HSAB) principle, free energy profile, 
reaction mechanism, and isolobal relationship. The starting point was that metal 
aminopyridinates are isolobal with metallocenes and hence the electron structure 
and the polymerization mechanism of metal aminopyridinates should be similar 
to those of metallocenes and the results of these experiments are reported in 
Section 4. The aminopyridinato complexes were tested as catalysts for ethylene 
polymerization with MAO as cocatalyst. The reactions between titanium 
aminopyridinato catalysts and polyethylene are examined in terms of activity, 
molar mass, molar mass distribution, melting point and crystallinity of the 
obtained polyethylene. 
3 Catalyst for ethylene polymerization 
The effect of a polymerization catalyst is to increase the rate at which a 
polymerization reaction will take place. In order to understand the polymerization 
process, the subject was approached by studying what kind of catalysts the 
metallocenes are and how they catalyze polyethylene. The polymerization 
behavior of metallocenes was examined by synthesizing a piperazino substituted 
indenyl zirconocene catalyst and comparing its polymerization data with that of 
the indenyl zirconocene catalyst. On the basis of their isolobality, it was thought 
that aminopyridinato ligands might replace cyclopentadienyl ligands. 
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3.1 Ethylene polymerization 
Polymerization of ethylene is a process where two or more ethylene 
molecules are combined together (2). The bond dissociation energy of CH2=CH2
is less than that of 2 x CH2-CH2; i.e. polymerization is usually thermodynamically 
favorable even when the entropy term (ΔS) is unfavorable in the Gibbs equation 
(3).8c 
n CH2=CH2 →  -(CH2-CH2)n-     (2) 
 
ΔG = ΔH -TΔS       (3)
The polymerization cannot occur if the activation energy needed to 
overcome a “kinetic block” is too high. The activation energy can be reduced by a 
catalyst (Fig. 1), in ethylene polymerization usually a transition metal based 
catalyst. Ethylene, fully reacted polyethylene, and only a small amount of rapidly 
reacting catalyst are present in a reacting mixture. 
En
e
rg
y
Reaction coordinate
Uncatalyzed reaction
Catalyzed reaction
Reactants
Products
Fig. 1. Reaction energy diagram for uncatalyzed and catalyzed reactions.9
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Many important catalytic processes require migration of at least one ligand 
(vide infra).10,11 The key step in ethylene polymerization is ethylene insertion into 
the metal-alkyl bond.12,13
The ligands attached to the metal play a role in determining the effective 
charge on the metal atom. The ligands also affect the stericity around the metal. 
The best known compounds in the polymerization of α-olefins are the 
metallocenes, constrained geometry catalysts and Brookhart-type catalysts (Fig. 
2).14-17
N
Ni
N
R
R
Cl
Cl
N
N
N
Fe
Cl
Cl
R
R
R'
´R
Ti
Cl
Cl Me2Si
Cr
Cl
ClN
tBu
Fig 2. Some examples of highly active homogeneous olefin polymerization 
catalysts across the first row transition metal series.17
3.2 HSAB studies on the catalyst 
According to Pearson’s HSAB principle, ethylene in ethylene 
polymerization can be classified as a soft Lewis base.18 A hard-soft interaction is 
needed for effective catalysis. The definitions of absolute electronegativity (μ)
and hardness (η) are 
-μ = (I+A)/2 = χ     (4) 
η = (I-A)/2     (5) 
where I is the ionization potential and A is the electron affinity; χ is the absolute 
electronegativity, similar to the Mulliken electronegativity. 
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According to Koopman’s theorem,19 the ionization potential (I) is the orbital 
energy of the HOMO, with change in sign (-εHOMO). For spin-paired molecules, 
the electron affinity (A) is the negative of the orbital energy of the LUMO (-εLUMO),
and, it can can be written for μ and η as 
μ = (εHOMO + εLUMO)/2     (6) 
η = (εLUMO-εHOMO)/2     (7) 
In the usual diagram of the MOs of a molecule as a function of their 
energies, μ is a vertical line halfway between the HOMO and the LUMO. The 
hardness is then half the energy gap between the two (Fig. 3). It is useful to 
relate μ (or –χ) and η to the usual MO energy diagrams. Figure 3 shows such a 
diagram for ethylene where I = 10.6 eV and A = -1.8 eV. Then χ = 4.4 eV and η = 
6.2 eV.20
In MO theory, the energy gap between the HOMO and LUMO defines the 
energy difference between the ground state and the manifold of the exited states 
of the same multiplicity, singlet in this case. 
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0 eV
-5 eV
-10 eV
Cp'2ZrMe+ (3) Ethylene
η = 6.2 eV
- χ = 4.4 eV
LUMO
HOMO
η = 6.2 eV
LUMO
HOMO
3 eV
- χ = 6.3 eV
η = 4.0 eV
η = 4.0 eV
Fig. 3. HOMO-LUMO energies and calculated absolute electronegativities (χ)
and hardnesses (η) for Cp'2ZrMe+ (3 in Fig. 4) and ethylene.20
To decide which of two molecules, catalyst (C) or ethylene (E), is the 
electron donor and which the acceptor, it is clear that we must look at the 
difference 
(IC – AE) – (IE – AC) = 2(χC – χE)    (8) 
where I is ionization potential and A electron affinity. 
A positive value for the difference means that it costs less energy to 
transfer an electron from E to C. Hence the catalyst (C) is the Lewis acid and 
ethylene (E) is the Lewis base. The absolute electronegativities determine the 
direction of electron transfer, and the magnitude of (χC – χE) is the driving force 
for electron transfer. However, the orbital overlap of the reactants determine the 
extent of the reaction. 
Study of metallocenes is a useful way to understand the nature of an 
active ethylene polymerization catalyst because there is a vast body of chemical 
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information on Cp2MLn complexes, where n=1-3 and M is an early transition 
metal atom (e.g., Ti, V, Zr, Hf, Mo). There have been many theoretical treatments 
of these molecules. The one adopted here was published by Mäkelä et al.,
whose paper describes UV-VIS spectroscopic data and theoretical calculations of 
HOMO-LUMO orbital energies of six ethylene bridged Zr complexes (Fig. 4).21
Table 1 presents values of χ and η calculated by Mäkelä et al.21 The 
fractional number of electrons transferred, ΔN, is given by 
ΔN = (χC-χE)/2(ηC + ηE)     (9) 
O
O
Si
Si Zr Cl
Cl
O
O
Si
Si Zr Cl
Cl
Zr Cl
Cl
Zr Cl
Cl
O Si
OSi
Zr Cl
Cl
O Si
OSi
Zr Cl
Cl
O Si
OSi
1 2 3
4 5 6
Fig. 4. Siloxy substituted metallocenes 1-6 used for HSAB calculations.21
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Table 1. Absolute electronegativity (χ (eV)) and hardness (η (eV)) values 
calculated by Mäkelä et al. for complexes 1-6 and fractional number of electrons 
transferred (ΔN) between complexes 1-6 and ethylene calculated by equation 9. 
For complexes 1-6, see Fig. 4.21
 Cp'2ZrCl2 Cp'2ZrMeCl Cp'2ZrMe2 Cp'2ZrMe+
χ η ΔN χ η ΔN χ η ΔN χ η ΔN Activity
1 3.13 4.49 -0.059 2.72 4.63 -0.078 2.59 4.76 -0.018 6.67 4.22 0.13 13400
2 3.40 5.03 -0.044 2.86 5.31 -0.067 2.59 5.31 -0.017 6.94 4.49 0.14 2760
3 2.99 4.08 -0.068 2.72 4.35 -0.080 2.45 4.35 -0.023 6.39 3.95 0.12 31791
4 3.27 4.90 -0.051 2.86 5.03 -0.069 2.45 5.17 -0.022 6.94 4.49 0.14 5400
5 3.13 4.49 -0.059 2.72 4.63 -0.078 2.59 4.76 -0.018 6.67 4.22 0.13 9910
6 3.27 4.35 -0.054 2.86 4.76 -0.070 2.72 4.63 -0.013 7.07 4.08 0.15 2450
Table 1 shows that only cationic Cp'2ZrMe+ forms are electrophilic enough to act 
as polymerization catalysts. Moreover, the most active Cp'2ZrMe+ form (3) is the 
most electropositive and the softest catalyst of this metallocene series.
The absolute electronegativity and absolute softness do not alone explain 
the activity behavior. Since equation 9 only measures the initial interaction 
between C and E, it is expected that ΔN values will be related to energy barriers 
to the reaction. 
The transition state of ethylene complexation and the olefin insertion 
transition state have been the focus of many experimental22-25 and theoretical 
investigations.26-28 Because the transition state is a function of the reactivity, 
information about the kinetics, and deduction of the slowest step of the reaction 
is required to be able to present the free energy diagram of the reaction (Fig. 5). 
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Fig. 5. Reaction profile for catalyzed ethylene polymerization: ion pair + ethylene 
(on left), ethylene uptake (TS), π-complex (middle), ethylene insertion (TS), 
resting state (on right), H3CA = Me + A, A = B(C6F5)3 or MAO.26
3.3 Mechanism of polymerization of ethylene 
Present heterogeneous and homogeneous mechanisms for the 
polymerization of α-olefins are mainly based on the proposals of Cossee and 
Arlman.29-34 The mechanism discussed here assumes the use of heterogeneous 
TiCl3 in the polymerization of ethylene and propene.  
The polymerization of ethylene involves three basic steps: a) initiation, i.e. 
the activation of the catalyst precursor, b) propagation, and c) termination (Figs. 
6 and 7). 
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Fig. 6. Activation of the catalyst precursor with MAO. 
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L CH2CH2Me
MAO MAO MAOMAO
1 432
RLS
1. Catalyst (ion pair) 2.  (π-Alkene)(σ-alkyl) complex 3. Resting State 
4. (π-Alkene)(σ-alkyl) complex. 
Fig. 7. Propagation steps in olefin polymerization.26
3.3.1 Initiation 
The idea in the activation of the catalyst precursor is to generate a 
coordinatively unsaturated transition metal alkyl compound (Fig 6). A catalyst-
cocatalyst ion pair, which is the actual catalyst, is formed in this so-called 
initiation step. When the catalyst reacts with the cocatalyst (MAO), the complex 
undergoes fast ligand exchange, while the MAO removes one methyl group and 
produces the active catalyst and a cocatalyst anion that stabilizes the charged 
complex. The distance between the counter anion (MAO-) from the metal center 
is dependent, among otherthings, on the dielectric constant and the size of the 
ligands. Large ligands push the counter anion further away from the metal 
center.36 Bulky ligands at the transition metal will keep the MAO anion at a 
certain distance and produce a more or less “naked” metallocene monomethyl 
cation.37,38
The structure of MAO is still unknown. Up to now the most favorable 
proposal for the structure of the active MAO species is a cage of six-membered 
rings constructed of AlCH3O building blocks (Fig. 8).38 Four-coordinated 
aluminum is assumed because tri-coordinated aluminum in tert-butylaluminoxane 
20
has been shown to possess low Lewis acidity and it is unable to cleave the 
methyl groups of Cp2ZrMe2.39,40 According to Sinn et al. the composition of MAO 
corresponds to [Al1(CH3)1.4-1.5O0.75-0.80]n rather than  [Al(CH3)O]n.41 The simplest 
structure for MAO would then be one mole [Al6(CH3)6O6] and two moles Al(CH3)3.
This would correspond to the measured molecular mass M = 492 g/mol with 
composition [Al8(CH3)12O6] and hence [Al1(CH3)1.5O0.75].42-44
Al
O
Al
O
Al
O
O
Al
O
Al
O
Al
CH3
CH3
CH3
H3C
H3C
H3C
Fig. 8. A proposed structure motif for MAO.38
In view of the complexity of the polymerization mechanism it is important 
to demonstrate the existence of cationic species. The first proposals for the 
active catalyst were 14-electron cationic metal alkyl Cp2MR+ and neutral 
bimetallic species. Support for the metal alkyl cation Cp2TiMe+ came when Eisch 
and co-workers isolated the cationic insertion product from the reaction of 
Cp2TiCl2/MeAlCl2 with an alkyne.45 Evidence for the cationic intermediate came 
from Jordan et al. who reported the crystal structure of Cp2Zr(Me)THF+BPh4-
which polymerizes ethylene in the absence of a cocatalyst.46 Also, Marks et al.
demonstrated that the counter anion can affect the catalyst performance during 
olefin polymerization.47 They also published the crystal structure of the “cation-
like” Cp2ZrCH3+CH3B(C6H5)3- catalyst.48
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3.3.2 Propagation
Propagation can be divided into two steps. The first step is the 
coordination of the olefin to the Lewis-acidic metal center resulting in a (π-
alkene)(σ-alkyl) complex (2 in Fig. 7). The second step is the carbon-carbon 
bond forming reaction resulting in the so-called resting state (3 in Fig. 7). A 
vacant site is required for ethylene to coordinate before alkyl insertion can take 
place. 
Yang and Ziegler modeled the ethylene polymerization reaction catalyzed 
by zirconium metallocene with borate anion:26 The ethylene approaches the 
metal center in a perpendicular (to the R-Zr-CH3A plane) fashion (Fig. 5). In the 
insertion transition state, the ethylene rotates to the “in-plane” orientation in order 
to facilitate the insertion.  The counter anion associates to the metal again, and 
new monomer attacks the metal center and inserts into the metal-polymer bond. 
Yang and Ziegler used transition state theory to estimate the time for 
insertion of a new monomer.26 The estimated time is on the order of 10-2s, which 
means that the ethylene insertion process is much slower than the recombination 
of the ion pair, for which the estimated time is 10-12s. This is in good agreement 
with a recent experiment.49
The (π-alkene)(σ-alkyl) complex 4 is essentially the same as 2 in Fig. 7. 
Many research groups have searched for factors which promote insertion into the 
(π-alkene)(σ-alkyl) transition metal complex.26,50
Because cationic alkyl complexes have never been directly isolated and 
characterized in Ziegler-Natta polymerization systems, bridged structure (3 in 
Fig. 7) is thought to be a “resting state” of the catalyst (Fig. 7). The β-H in the 
catalyst is called “agostic”; i.e., β-H is bonded to the β-carbon but has some 
interaction with the metal atom. Evidence for this can be seen in TiCp2CH2CH3,
in which there is a short contact between the Ti and an ethyl β-H atom.51 Jordan 
et al. have reported β-agostic interactions in (CpMe)2Zr(CH2CH2CH3)(PMe3)+ and 
Bercaw in scandocenes, Cp’2ScCH2CH3.52,53
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3.3.3 Termination step 
As depicted in Fig. 9, in the polymerization of ethylene the termination 
step can take place in at least three ways. β-Hydrogen elimination is the most 
common type of termination; a terminal olefin and transition metal hydride are 
generated and the hydride reacts further with α-olefin. Steric bulk prevents β-
hydrogen transfer, while positive charge destabilizes the free hydride and 
opposes β-hydrogen elimination. β-Hydrogen elimination can only take place if 
there is no monomer coordinated to the metal because successful β-hydrogen 
elimination requires a vacant coordination site.54 β-Hydrogen elimination will be 
faster if the population of the metal-alkyl precursor is large in comparison with 
that of the π-complex.55 Evidence for the β-hydrogen transition state is supported 
by X-ray and neutron diffraction structures.56,57
Hydrogenolysis is commonly used as a termination step to control the 
molar mass of the polymer. The energy barrier for insertion of a hydrogen 
molecule into the metal-alkyl bond is lower than the barrier for ethylene 
insertion.58,59
A third type of polymer termination is chain transfer to monomer. In certain 
cases this mechanism becomes more important with increasing polymerization 
temperature and where direct β-hydrogen elimination would be too much uphill in 
the reaction energy diagram. Metal alkyls, hydrogen halides, or halogenated 
hydrocarbons may also terminate the growing polymer chain. The transition state 
is a planar six-membered ring structure. There is direct interaction between the 
metal atom and the hydrogen being transferred. The transition state has some 
resemblance to a hydride-bis(olefin) complex as illustrated in Figure 9 (bottom). 
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Fig. 9. Termination modes in ethylene polymerization: β-hydrogen elimination 
(top), hydrogenation (middle), and chain transfer to monomer (bottom).  
L = Ligand, P = polymer, M = transition metal, MAO = methylaluminoxane. 
The most important physical property of the polymer, molar mass, is the 
result of the relative rates of propagation (kp) and termination (kt). When kp >> kt,
molar mass is high. When kp ≅ kt and kp < kt, oligomers and dimers are expected. 
The choice of ligand affects the ratio of propagation to termination. Donor ligands 
give a longer polymer chain than acceptor ligands.60 High molar mass polymers 
are typically formed with catalysts derived from early transition metals because, 
unlike with late transition metals, β-hydrogen elimination is not favorable. Lower 
electron density at the metal center is thought to decrease chain propagation.60
On the other hand, Cp2TiCl dimerizes ethylene and Cp2TiCl2 produces 
polyethylene of average polymer weight 200 000 g/mol.51,61 In the case of 
Cp2TiCl the presence of a non-bonded d electron results in stabilization of the 
olefin adduct by d? π* back bonding and a decrease in insertion reaction. 
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3.4 Summary of criteria for a polyethylene catalyst 
In summary, a good catalyst for ethylene polymerization should have a 
cationic metal center or at least Lewis acid. It must be electron deficient, that is, 
have 16 electrons or less, and have an open metal site allowing formation of a π-
complex. The π-complex should have rigid ligands to prevent change in the 
structure when activated with MAO, and the rigidity should guarantee that the 
catalyst contains only one active center. Ligands are used to stabilize the metal 
center and to tune the electronic properties and steric crowding around the metal. 
The choice of ligand is crucial for the stability, activity, and selectivity of the 
catalyst. The ligand prevents dimerization of the complex and controls the 
coordination and oxidation degree of the metal. The ligand keeps the counter 
anion at a certain distance but lets it reassociate to the metal through hydrogen 
bond. At least two leaving groups in cis-orientation are needed, which are 
replaced by methyl from MAO. The cis-orientation also provides the coordination 
sites for the ethylene and the growing polymer.
3.5 Synthesis and properties of bis(2-N,N’-methylpiperazinoindenyl) 
zirconium dichloride as catalyst 
The properties of the metallocenes were widely studied in 1990s, and 
many new metallocene polymerization catalysts were developed. 2-Amino 
groups were first introduced into an indenyl ligand framework by Brintzinger et 
al.62 and Näsman et al.63 In view of the phenomenal activity of bis(indenyl) 
zirconocenes and their easy modification, we sought to prepare a zirconocene 
with indenyl ligand substituted at the 2-position. The idea was to create a ligand 
that combines the electronic effects of an amine donor and steric effects of bulky 
substituents and thereby produce a significantly longer polymer chain than the 
zirconocene with unsubstituted bis(indenyl) ligand is able to produce. 
According to preliminary studies, a heteroatom that can donate electrons 
stabilizes a cationic metal center and increases the propagation/termination ratio 
and thus produces a longer polymer chain.60 Stericity, in turn, forces ligands and 
the growing polymer chain to the same plane, and the probability of the β-H
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elimination decreases while the propagation/termination ratio increases yielding a 
longer polymer chain.55 Electron-donating groups enhance activity but steric 
crowding lowers it.60
The enamine desired in the present work was synthesized in a 
condensation reaction from a secondary amine and 2-indanone with a 
condensation reaction. 2-Indanone was prepared from indene and peracid 
according to the instructions of Horan and Schiesster.64 After several 
experiments 2-N,N’-methyl piperazine proved to be the most promising amine. 2-
N,N´-Methyl piperazinoindenyl was treated with one equivalent of n-BuLi and half 
an equivalalent of ZrCl4 (Fig. 10). After crystallization, yellow bis(2-N,N´-
methylpiperazinoindenyl) zirconium dichloride (7) was obtained. 
Zr
Cl
Cl
N
N
N
N
N
N
1)  n-BuLi
2) ½ ZrCl4
Et2O
7
Fig. 10. Preparation of bis(2-N,N´-methylpiperazinoindenyl) zirconium  
dichloride (7).I
According to X-ray diffraction measurements the geometry around the 
zirconium atom can be described as slightly distorted tetrahedron (Fig. 11). The 
molecule possesses nearly perfect C2-symmetry and the ligands are disposed in 
an anti conformation. The indenyl rings are planar and the methyl piperazino 
substituents show a chair-like conformation with almost trigonal-planar nitrogens. 
The bond length between the indenyl 2-carbon and amine nitrogen and the 
rotation around the C-N bond indicates some resemblance to π-bonding. The 
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bond strength is maximized for a planar structure because the orbitals are better 
set up for side-on interaction. The nitrogen lone pair must be considerably 
delocalized into the indenyl five-ring and thus the rotation should be hindered.  A 
similar delocalization has been observed for dimethylamine with pyrrolidine as a 
substituent in the idenyl 2-position but is disfavored in some ansa-bridged
bis(aminoindenyl) Zr(IV) complexes due to steric crowding with the ligand 
bridges.62 Electron-donating effect is clear, because the considerably shielded 
Cp-ring protons are found in 1H-NMR at δ = 4.85 ppm, which is one of the most 
shielded values for known bis(indenyls) (commonly δ = 6.0-6.5 ppm).65 The 
distances and angles between the zirconium and indenyl Cp centers and the 
bond lengths of the zirconium and the chlorides in bis(2-N,N´-
methylpiperazinoindenyl) zirconium dichloride (7) correspond to the normal 
values for unbridged bis(indenyl) zirconium dichlorides. 
Fig. 11.  The crystal structure of bis(2-N,N´-methylpiperazinoindenyl) zirconium 
dichloride (7). Hydrogen atoms omitted for clarity.I
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Results obtained in the polymerization of ethylene showed bis(2-N,N´-
methylpiperazinoindenyl) zirconium dichloride (7) to produce shorter polymer 
chains than Ind2ZrCl2 (Table 2).I
Because the 2-N,N’-methyl piperazino substituent is a more electron-
donating group than hydrogen, the transition state of the bis(2-N,N’-
methylpiperazinoindenyl) zirconium catalyst (7) was expected to be more active 
and to produce polymer with greater molar mass than the bis(indenyl) zirconium 
catalyst. However, comparison of bis(2-N,N’-methylpiperazinoindenyl) zirconium 
catalyst (7) with other bis(indenyl) zirconium catalysts showed the effect of steric 
factors to be stronger than the effect of electronic factors. 
The steric and electronic properties of complex 7 differ from those of bis(2-
N-pyrrolidinoindenyl)zirconium dichloride (8).I,67-69 Evidently the additional 
nitrogen atom in catalyst 7 is important in the catalyst activation and 
polymerization. Possibly the interaction of MAO with catalyst 7 differs from that 
with bis(2-N-pyrrolidinoindenyl) zirconium dichloride because the amino groups 
offer suitable binding sites for MAO.I,68 The resulting interaction between MAO 
and 7 may cause an extended activation period.I
N N N
MAO MAO
ZrZr
7 8
Fig. 12. Coordination of MAO to the nitrogen of complexes 7 and 8. The chlorides 
and second indenyl ligands of 7 and 8 are omitted for clarity.I
Evidently, the α- or δ-nitrogen to indenyl or the methyl group attached to 
the δ-nitrogen has an effect on the activity of the catalyst (7, Fig. 12). 
Coordination of MAO to the nitrogen of the 2-N-pyrrolidino ligand (8) probably 
leads to inductive electron withdrawal, which converts electron-donating 
substituents to electron-withdrawing ones, resulting in an inactive complex. In the 
28
case of 2-N,N´-methyl piperazino ligand (7), the most Lewis-basic nitrogen is the 
δ-nitrogen which can react with MAO but does not affect the electron-withdrawing 
ability of the α-nitrogen. 
Table 2. Comparison of results of ethylene polymerization with selected indenyl-
based metallocenes. 
Metallocene Tpa Ppb t c Al/Zr Act.d Mpe Mwf Mw/Mng
7 I 50 2.6 4250 2000 3270 140 - - 
7 I 50 2.6 4950 2000 6550 142 420 1.5 
7 I 70 2.6 3400 2000 1060 138 282 2.9 
7 I 70 2.6 1800 4000 6910 141 334 1.5 
Ind2ZrCl214 60 10 - 1000 3200 - 470 - 
Ind2ZrCl270 50 2 2700 30000 58700 129 554 3.1 
(2-PhInd)2ZrCl270 50 2 2700 30000 4300 129 904 3.3 
a)
 Polymerization temperature (C°) b) Polymerization pressure (bar) c) Polymerization time (s)  
d)
 Activity kg PE/(mol catalyst.h) e) Melting point of the polymer (C°) f) Molar mass (kg/mol) g) Molar 
mass distribution 
3.6 Ap as alternative ligand to Cp 
Usually Cp and Ind ligands in combination with group 4 metals result in 
formally 16-electron species, and the overall effect of the electron donating or 
withdrawing properties of substituents on the Cp and Ind ligands is limited.  To 
replace those of metallocenes alternative ligands are being developed in order to 
tune the electronic and steric properties. The aminopyridine ligand is a promising 
choice in this respect. Bis(aminopyridinato) complexes of tantalum, synthesized 
in our laboratory, gave metallocene-like results in ethylene polymerization after 
MAO activation (Fig. 13).71a
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Fig. 13. Tantalum precatalysts highly active in ethylene polymerization.71a
Aminopyridinato and metallocene complexes have several similarities. 
Replacement of both Cp ligands in Cp2TiCl2 by aminopyridinato ligands has been 
investigated by Kempe and Arndt71b who proposed that bis(aminopyridinato) 
titanium dichloride (Ap2TiCl2) is isolobal with bis(cyclopentadienyl) titanium 
dichloride (Cp2TiCl2) (Fig. 14). In theory, both are 16-electron complexes. The 
Cp- is counted as a six-electron donor. The amido nitrogen in the aminopyridinato 
complex can donate four electrons and the pyridine nitrogen two electrons to the 
metal, i.e. altogether six electrons, as in the case of Cp-. Both complexes have 
two labile leaving groups in the cis position to each other. Cp2TiCl2 has C2v
symmetry and bis(amidopyridinato) complexes can appear in C2v or C1 symmetry 
due to unsymmetrical aminopyridinato ligands. 
The MAO-activated titanium metallocene catalyst requires a dianionic 
ligand donating at most 12 electrons to the titanium center. Replacing one or 
both Cp´s by a monoanionic six-electron-donating Ap ligand reveals the similarity 
in structure. 
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Fig. 14. Possible isolobal relationship between bis(aminopyridinato) complexes 
and metallocene. 
According to the definition of the isolobal relationship,72 “two fragments or 
molecules are said to be isolobal if the number, symmetry properties, occupation 
of electrons, and approximate energy of their frontier orbitals are similar. The 
main use of the isolobal analogy is in generating alternative fragments in 
molecules. The geometry of the fragment in a molecule not as an isolated 
species is important.”
Isolobality provides a short-cut to understanding the electronic structure of 
molecules and classifying them. Because there is no single right isolobal 
replacement, it is possible to make different kinds of isolobal replacements that 
may lead to interesting possibilities. In the work described below, the 
cyclopentadienyl ligands were replaced by aminopyridinato ligands.
4 Aminopyridinato complexes 
This chapter presents the chemistry of 2-phenylaminopyridines and 2-
phenylaminopyridinates: Earlier research, nomenclature, synthesis of ligands and 
complexes, theoretical calculations, and polymerization experiments. The 
synthesized titanium 2-phenylaminopyridinates were used with MAO as catalysts 
in the polymerization of ethylene. Finally, the ethylene polymerization results for 
titanium 2-phenylaminopyridinato catalysts and titanocene catalysts are 
compared.
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4.1 Earlier research 
In 1993, when Polamo made the first attempts toward aminopyridinato 
complexes in our laboratory, only a few transition metal aminopyridinato 
complexes had been reported.73 The first mononuclear compound with bidentate 
uninegative aminopyridinato ligands was bis[2-(phenylamino)pyridinato]-
bis(triphenylphosphino)ruthenium(II).74 First described by Cotton et al. in 1984, 
this aminopyridinato complex was obtained as a reaction product of RuCl2(PPh3)3
and 2-(phenylamino)pyridinato lithium.73 Crystallization occurs as two 
geometrical isomers, one with C1- and the other with C2-symmetry (Fig. 15).74 In 
both complex units, the PPh3 groups have a cis-arrangement.74 Since then, 
several research groups have studied the chemistry of transition metal 
aminopyridinato complexes. In 1991, Gambarotta et al. described the first 
structure of an aminopyridinato low oxidation state group 5 metal complex.75 In 
1996, Kempe et al. announced the first aminopyridinato complex of group 4 
metal,76a and in 2003 Kempe published a review covering syntheses and 
structures of group 3, 4, and 5 metal complexes stabilized by strained η2-
coordinated aminopyridinato ligands.76b Aminopyridinates have mostly been 
studied from the point of view of coordination chemistry and organometallic 
chemistry with some interest shown towards olefin polymerization catalysis.75,77-82
Aminopyridinates have also been studied in the context of the polymerization of 
propiolactam and THF.83
Of the many research groups working with aminopyridinates for ethylene 
polymerization, our group has concentrated on aminopyridinato complexes of 
early transition metals.III Kempe´s group uses both early and late transition 
metals,84 and Scott’s group is working with early transition metals.85-88 Junk and 
his co-workers, in collaboration with Smithies’ group, have reported titanium and 
zirconium N-functionalized aminopyridinates.89 Furthermore, Wheatley’s group 
has studied lithium aminopyridinato zincates.90,91 Structural studies with platinum 
aminopyridinates have been reported by Sakai and co-workers92-95  and work on  
copper aminopyridinates has been conducted by Seco et al.96
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Fig. 15. The first published bis(aminopyridinato) complexes.74
4.2 Nomenclature of aminopyridine and aminopyridinato 
2-Phenylaminopyridine is a commercially available molecule, also known 
as anilinopyridine, N-(2-pyridyl)aniline, and N-phenyl-2-pyridinamine.The IUPAC 
name is N-phenyl-N-(2-pyridinyl)amine. Although the names aminopyridine and 
aminopyridinato are not according to IUPAC nomenclature, they are widely used. 
Aminopyridinato was mentioned for the first time in 1992, in connection with 
tellurium complexes97 and became established as a name thanks to Kempe and 
co-workers.76 On the request of a referee, the term aminopyridinato was changed 
to amidopyridine in paper II of this thesis. At the same time Kempe et al. used the 
term aminopyridinato for their corresponding complexes.98 In the present 
manuscript, the term aminopyridinato is used in the context of bidentate 
monoanionic 2-aminopyridines since it is clearly established practice. 
4.3 Synthesis of proligands 
Twelve new 2-aminopyridines (9, 11-21) were synthesized in this work. Most of 
the 2-aminopyridines needed in preparation of the complexes were not 
commercially available. At least two synthesis routes should be possible 
according to retrosynthetic analysis (Fig. 16). Chemical intuition suggests that the 
target molecule can be broken down into two fragments called synthons. For an 
anionic synthon, the reagent is the corresponding amine, and for a cationic 
synthon the reagent is the corresponding halide. The retrosynthetic route a (Fig. 
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16) was chosen because the commercial derivatives of the aniline are easily 
available. The anilino group affords the possibility of varying the electronic and 
steric factors, which may affect the energetics of the reaction. The chosen 
synthetic route to the proligands is shown in Figure 17. In practice, the amine 
was protected as HCl salt to prevent over arylation of the amine.99
The aminopyridines can be synthesized by using other methods as well.
The most common of these is palladium-catalyzed coupling between aniline and 
bromopyridine, which usually gives good yields.86 An obvious drawback with 
palladium is the cost. 2-Phenylaminopyridine can also be synthesized without the 
catalyst, from pyridine N-oxide and N-phenylbenzimidoyl chloride, in 49% 
yield.100
N
H
N
NH N
HN N
Cl N
Cl N
NH2
H2N
b a
Synthons Reagents
Target molecule
a
b
Fig. 16. Retrosynthesis of 2-phenylaminopyridine proligand. 
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Fig. 17. Route adopted for the synthesis of aminopyridine proligands  
(R = alkyl, X = F, Cl). 
The aminopyridine synthesis (Fig. 17) proceeds readily if the aniline 
compound is sufficiently basic. Within the aniline series, there appears to be 
some degree of relationship between Lewis basicity and reactivity towards HCl. 
The more electron-withdrawing substituents (2,6-F and 2-Cl) in 2-
phenylaminopyridine, the less easily was the aniline salt formed. In the case of 
2,4,6-tribromoaniline and pentafluoroaniline, HCl salt was not formed at all. 
Electron-donating alkyl substituents behaved without problems in the synthesis. 
Figure 18 shows the synthesized aminopyridine proligands (10 was purchased) 
with their different steric and electronic properties, as reported in earlier 
publications from the laboratory.101-106
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Fig. 18. Schematic presentation of the synthesized aminopyridine proligands  
(10 was purchased) 
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4.4 Tautomerism of 2-phenylaminopyridine 
In spectroscopic studies of the the tautomerism of 2-phenylaminopyridine 
(10), it has been noted that the imine form does not appear in solution.107-110 The 
amine nitrogen is not planar, i.e. not sp2-hybridized, indicating that the electron 
density in 2-phenylaminopyridine is concentrated on the amine and not the 
pyridine nitrogen.107
The rotamer A is somewhat more stable than the rotamer B (Fig. 19) 
probably because of the steric hindrance between the hydrogen atom at 3-
position H(3) and the phenyl group.108 The rotamer B becomes more favorable if 
the aniline nitrogen is substituted.108 In rotamer B, the H(3) lies just above the 
phenyl ring and is subject to its diamagnetic effect, which produces a high field 
shift in the 1H-NMR spectrum.108 In solid state the participation of a strongly 
hydrogen bonded dimeric structure explains the infrared spectra. Polamo and co-
workers have also confirmed the dimeric form in the solid state by X-ray 
diffraction study.99
N
R
N
NN
R
H(3)
A B
H(3)
Fig. 19. 2-Phenylaminopyridine rotamers: if R = H the rotamer A is favorable; 
otherwise rotamer B is favorable.108
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4.5 Coordination chemistry of group 5 metal aminopyridinates 
Aminopyridine proligands are of particular interest because the flexibility of 
their binding modes offers wide variety in complex design (Fig. 20). The flexibility 
is due to the close proximity of the amido and pyridine functions. Aminopyridines 
are also easily derivatized for fine-tuning of the metal complex reactivity. 
Depending on the metal and the coordination, the deprotonated 
uninegative aminopyridinato ligand can donate 2, 4, or 6 electrons to metal. 
Usually, the maximum available number of electrons is taken into consideration, 
in which case, bis(aminopyridinato)tantalum(V)trichloride complex, for example, 
has 18 electrons. Aminopyridinato complexes with 18 electrons are stable, which 
means that it is possible to study bond lengths, bond angles, stericity and 
delocalization of the π-electron system including pyridine and ipso-nitrogen by X-
ray diffraction methods.III,75,76,86,88,89,111-119
NN
R
M
NN
R
M´M
Fig. 20. Binding modes of aminopyridinato ligands (R = alkyl, aryl, or silyl;  
M, M´ = transition metal moiety)98
Aminopyridinato ligand bonds to the metal in bidentate fashion, and a 
small chelate ring with N-M-N angle of around 60° is formed  (Fig. 21).73
Coordination of the amido and pyridine moieties is nonsymmetrical; M-N-C 
angles differ by about 60° in the pyridine environment, and by about 40° in the 
amine environment.73 Since a small four-membered ring also appears in 
amidinato complexes,120 it is possible that the same type of π-electron
delocalization exists in aminopyridinato complexes.73,82
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N1
C2
N7 C8
M
Fig. 21. The delocalized bonding mode of the 2-phenylaminopyridinato ligand, 
where M is an early transition metal and the approximate nonsymmetrical angles 
of 2-phenylaminopyridinato complex are M-N1-C2 = 90°; M-N1-C6 = 150°;  
M-N7-C2 = 100°; M-N7-C8 = 140°.II
π-Electron delocalization between the nitrogens in the aminopyridinato 
ligand should be seen as shortening of the M-Npyridine bond and lengthening of the 
amido bond. In the extreme case, the M-N bond lengths should become equal. It 
has been shown that there is no π-electron delocalization in titanium(IV) and 
hafnium(IV) aminopyridinates.82,120 There is an indication of π-electron
delocalization in chromium(III) aminopyridinates however.75 In some ansa-
tris(aminopyridinato) complexes, only some of the amido nitrogen lone pairs are 
delocalized.121 Delocalization of the amido nitrogen lone pair does not occur in 
2,6-(aminomethyl)pyridinato complexes with a methylene group between the 
amido nitrogen and pyridine ring.73,II
4.6 Synthesis of tantalum complexes 
As reported by Polamo, the direct reaction between 2-
phenylaminopyridine and tantalum(V) chloride in toluene gives rapid and simple 
access to the tantalum 2-phenylaminopyridinato complexes.73,114 The direct 
reaction gives monomeric complexes in reasonable yield.73 After filtration through 
Kieselguhr, dark red crystals are obtained. The advantages of this method are 
the “one-pot” synthesis with no need for deprotonation. The drawback is that 
control of the metal/ligand stoichiometry is not possible. Despite Polamo´s claim 
that metathesis is problematic in direct synthesis, Kempe’s group successfully 
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synthesized (2,6-(2-Pr)2Ap)2TaCl3 (22) via a metathesis reaction between the 
lithiated aminopyridinato ligand and TaCl5.98 Scheme 1 shows all group 5 metal 
bis(aminopyridinato) complexes synthesized thus far included complexes 22-26
synthesized in this work.  
N N
R
N N
R
M X
X
X
NN
R
NN
R
M X
X
X N N
R
NN
R
M X
X
X
A C
R'
R´´
R'
R´´R''
R''
R'
R'
B
A B C 
R R’ R´´ M R R’ R´´ M R M 
2,6-(2-Pr)2Ph (22) H H TaII 3,4-(Me)2Ph (23) H H TaII Ph (24) Ta,Nb114
SiMe3 H H Ta98 Ph (25) H H TaII   
SiMe3 Me H Ta98 Bz H H 
Ta116
Nb116
SiMe3 (26) H Me Ta98 Ph NHPh H Ta115   
    Bz Me H Ta117   
    Bz H Me Ta117   
Scheme 1. Tantalum(V) and niobium(V) form bis(aminopyridinato) complexes 
with pentagonal bipyramidal coordination spheres (X = Cl, Me, or Bz). 
Superscipts refer to the literature. 
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The synthesis and structure of the first C2v-symmetric tantalum 
bis(aminopyridinato) complex with the amido groups oriented in trans manner (22
in Scheme 1) were reported in paper II of this work.II The trans orientation was 
caused by steric crowding of diisopropyl substituents at the 2,6-positions of the 
phenyl part of the aminopyridinato moiety. With the 3,4-
dimethylphenylaminopyridinato ligand, the amido groups adopt a cis-orientation 
as they do in most of the earlier reported tantalum complexes (Scheme 1 
B).98,114,116 The tantalum bis[2-(phenylamino)pyridinato] complex appears in two 
forms: one (24) similar to its niobium congener (Scheme 1 C) and the other (25)
resembling the tantalum bis[3,4-dimethylaminopyridinato] complex (23 in 
Scheme 1). π-Electron delocalization at donor nitrogens is not seen in the 
complexes 22 – 24 indicating that the electron density is localized on the amido 
nitrogen. The Ta-Npyridine bond lengths are approximately 0.1 – 0.2 Å longer than 
the Ta-Namido bond lengths. The bond lengths are in accordance with literature 
data for aminopyridinato and related complexes.81,88,90,112,123,124 Complex 22 is 
among the tantalum complexes recently reported by Kempe’s group.98
4.6.1 Tantalum aminopyridinates in solution 
The pentagonal bipyramid represents one of the seven-coordination 
geometries. Seven-coordinated complexes are prone to stereochemical 
nonrigidity.73 In the case of tantalum aminopyridinates, the coordination 
isomerism around tantalum probably originates from weak coordination of 
pyridine nitrogen to tantalum.73,II
Kempe and co-workers used benzyl groups rather than chloride ions in 
their tantalum complexes.98 From the 1H-NMR resonances of the benzyl groups 
in (Me3SiN-4-MePy)2TaBz3 (26), they concluded that the methylene signals of the 
benzyl groups indicate a quick ligand exchange.98 Ligand exchange was not 
observed for bulkier tantalum complexes but rather separate methylene signals 
of the axial and equatorial benzyl groups.98 Similarly, methyl/methylidene 
exchange was not observed in the methylated (2,6-(2-Pr)Ap)2TaMe3 (22)
complex.98 None of these methylated or benzylated tantalum complexes formed 
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mixed methyl/methylidene or benzyl/benzylidene complexes when heated (80 
°C).98 In other words, Schrock-type alkylidene complex [Ta(CH2t-Bu)3(CHt-Bu)] 
was not observed.98
4.7 Synthesis of titanium complexes 
Several research groups have used the amine elimination procedure to 
coordinate amido ligands to early transition metals (group 4 metals).88,112
Although amine elimination is one of the best methods known, problems are  
associated with complete removal of the eliminated amine. Other methods to 
synthesize amido complexes are direct synthesis,114 silyl chloride elimination,125
alkane elimination,126a and salt metathesis.126b In this work a new synthetic route 
to the mono(2-phenylaminopyridinato)titanium(IV)trichloro complex was sought 
through HCl elimination in place of elimination strategies mentioned above.127
Four titanium 2-phenylaminopyridinato complexes can be expected when 
aminopyridine reacts with titanium tetrachloride (Fig. 22). Mono- and tris(2-
phenylaminopyridinato) titanium complexes are easily prepared depending on 
the mole ratio of titanium tetrachloride to 2-phenylaminopyridine. Ap2TiCl2 was 
expected to be the most interesting complex because it is realistic to assume that 
catalytic properties will be best with this stoichiometry. Because Ap3TiCl and 
Ap4Ti are lacking two cis-chlorides, one would not expect them to be very active 
in ethylene polymerization (Chapt. 3.4). 
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Fig. 22. Synthesis of titanium 2-phenylaminopyridinato complexes. 
In the preparation of mono(2-phenylaminopyridinato) titanium complex 
(ApTiCl3, 27), the aminopyridinato ligand precursor, 2-phenylaminopyridine, was 
treated with one equivalent of TiCl4 (Fig. 23). After evaporation of the solvent, 
ApTiCl3 was obtained quantitatively as a dark purple solid material. 
Recrystallization from toluene afforded crystals suitable for X-ray measurements. 
In an earlier attempt to synthesize ApTiCl3, Polamo and Leskelä instead 
obtained a salt, [ApH2]+[ApTiCl4]-.115 In the present work, salt formation was 
avoided by adding the ligand dropwise to the solution of TiCl4. In that case, the 
pyridine part of the aminopyridine moiety coordinates to TiCl4, after which the 
amine part reacts with the titanium center eliminating HCl because there is no 
free base left in the solution (Fig. 24). 
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Fig. 23. Synthesis of mono(2-phenylaminopyridinato) titanium trichloro complex 
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Fig. 24. Reaction mechanism showing the formation of two different products 
from 2-phenylaminopyridine and TiCl4.III,115
Efforts to replace another chloride in the titanium coordination sphere with 
the aminopyridine ligand by HCl elimination method did not yield bis(2-
phenylaminopyridinato) titanium complex. However, deprotonation of the 2-
phenylaminopyridine proligand with sodium hydride followed by addition of 
sodium 2-phenylaminopyridinato ligand to the TiCl4 solution produced the desired 
bis(2-phenylaminopyridinato) titanium complex 28 (Fig. 25).  
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Fig. 25. Synthesis of bis(2-phenylaminopyridinato) titanium dichloro  
complex 28 .III
4.7.1 Structures of synthesized titanium 2-phenylaminopyridinato 
complexes 
Mono(2-phenylaminopyridinato) titanium trichloro complex 27 is a 
centrosymmetric dimer (Fig. 26)III where chloro bridges link the two titanium 
centers. As with the tetrachloro[2-(phenylamino)pyridinato]titanate(IV) anion,114
each titanium atom is located in a distorted octahedral geometry defined by the 
two nitrogen atoms of the 2-phenylaminopyridinato ligand and four chlorine 
atoms. The distorted octahedral geometry is due to the narrow angles of the 2-
phenylaminopyridinato four-membered metal rings N1-Ti1-N7 = 64.13(12)° and 
Cl3-Ti1-Cl3' = 79.18(4)° of the Ti2Cl2 core. The Ti-N(pyridine), Ti-N(amide), and 
Ti-Cl bond distances are as expected [Ti1 – N1 = 2.156(3)°, Ti1 – N7 = 1.949(3)°, 
Ti1 – Cl1 = 2.2311(14)°]. The shorter distance of Ti1 – N7 than of Ti1 – N1 leads 
to geometry where the angles N7-Ti1-Cl1 and N7-Ti1-Cl3 are greater than the 
respective N1-Ti1-Cl1 and N1-Ti1-Cl3 angles.III
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27      28
  29      30 
Fig. 26.  Solid-state structures of the synthesized 2-phenylaminopyridinato 
titanium complexes 27-30.III,IV
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Bis(2-phenylaminopyridinato) titanium dichloro complex 28 has no 
spectroscopic symmetry elements (Fig. 26).III As in complex 27, the titanium 
center has a distorted octahedral geometry. Four nitrogen and two chlorine 
atoms define the coordination sphere of titanium. Unlike complex 27, complex 28
has no chloro bridges, and the main reason for the distorted octahedral geometry 
is the two aminopyridine four-membered rings, N1-Ti-N7 and N14-Ti-N20, with 
angles 63.43(12)° and 63.19(11)°, respectively. The wide Cl1-Ti-Cl2 angle 
97.03(5)°, compared with 94.43° in Cp2TiCl2, implies a sterically unhindered Ti 
center in the solid state.130
Titanium(III) compound 29 crystallizes with two similar complex molecules 
in the asymmetric unit (Fig. 26).III The coordination sphere around the Ti atoms is 
pseudo-octahedral, with two THF ligands in trans positions and two chlorido 
ligands in cis positions. The coordination sphere of both Ti atoms consists of two 
nitrogen atoms, two oxygen atoms, and two chlorine atoms. In complex 29, the 2-
phenylaminopyridinato titanium four-rings have the smallest N-Ti-N angles of the 
complexes 27 – 29: N1-Ti-N7 = 62.06(19)° and N57-Ti2-N51 = 62.77(19)°. 
Complex 29 also has the widest Cl1-Ti-Cl2 angles, 108.18(8)° and 106.93(8)°. 
The solid-state structure of complex 30 consists of a titanium atom 
surrounded by the two 2-phenylaminopyridinato and two chlorido ligands (Fig. 
26).IV Complex 30 has pseudo C2 symmetry bisecting the Cl1-Ti-Cl2 angle. The 
geometry of the titanium center is distorted octahedral where four nitrogen atoms 
and two chlorine atoms define the coordination sphere. The main reason for the 
distorted octahedral geometry is the two narrow four-membered chelate rings; 
N1-Ti-N7 and N14-Ti-N20 are 63.26(8)° and 63.39(8)° respectively. The Cl1-Ti-
Cl2 angle is 100.54(3)°, which is wider than that in complex 28. Complex 30
differs from its unsubstituted parent compound, bis(2-phenylaminopyridinato) 
complex of titanium 28, in the different configuration: in complex 30 the pyridine 
rings are located close to each other and the 2,6-difluorosubstituted phenyl rings 
are as far from each other as possible. 
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4.7.2 Configuration of titanium bis(2-phenylaminopyridinato) complexes 
 Complex 30 is Δ-cis, cis, trans and the unsubstituted 2-
phenylaminopyridinato complex (28) is Δ-cis, cis, cis when CIP priority is X > Npy
> Namido. The configuration of complex 30 can be explained as follows: the 
electronegative 2,6-difluoro substituents are oriented so that they are as far apart 
from each other as possible while the amido nitrogens form the shortest bonds to 
the titanium.
Several studies have been made and generalizations presented from the 
structural trends and mechanisms of (bidentate)2MX2.128 Referring to simple 
valence electron repulsion theory, Kepert concluded that cis-X structures are 
generally preferred.129 Adapting this to the present 2-phenylaminopyridinato 
complexes, donor atom – donor atom repulsions in trans position should be 
weaker than those in cis position (Fig. 27). Because the Ti-Namido bond must be 
shorter than the Ti-Npyridine bond, Ti-Namido bonds must be trans with respect to 
each other. 
Electronic factors, including the trans influence and π-donor properties of 
the ligands, are likely to influence the structures of the 2-phenylaminopyridinato 
complexes. In the case of complexes intended for use as polymerization 
catalysts, in theory, cis-X structures are desirable as more active than trans, 
trans, trans and trans, cis, cis forms (Chapt. 3.4).
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Fig. 27. Geometrical isomers of Ap2TiX2 based on the CIP priority sequence  
X > Npy > N.88
4.7.3 Thermal stabilities of titanium aminopyridinato complexes 
The thermal stabilities of the titanium aminopyridinato complexes were 
studied because, as 16-electron complexes, they would be expected to show 
instability during heating. The thermal behavior of aminopyridinato complexes 
Ap2TiCl2 (28), (2,6-F2Ap)2TiCl2 (30), (2-ClAp)2TiCl2 (31), and (2,6-F2Ap)TiCl3 (32)
was followed by TGA in nitrogen atmosphere (Fig. 28). All four complexes 
appeared to partly evaporate since the amount of decomposition residue was 
only 5% in the case of Ap2TiCl2 (28), (2,6-F2Ap)2TiCl2 (30) and (2,6-F2Ap)TiCl3
(32) and 15% in the case of (2-ClAp)2TiCl2 (31). As expected, the 
mono(aminopyridinato) titanium complex (32), was more volatile than the 
bis(aminopyridinato) titanium complexes.  
In the case of (2-ClAp)2TiCl2 (31) the larger amount of residue indicates 
that it also decomposes. It is difficult to decide upon the decomposition 
mechanism since the weight of the residue corresponds to titanium oxide. 
Because the heating is carried out in nitrogen however, the residue cannot be 
pure titanium oxide but most probably is carbon- or nitrogen-containing material.
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The extensive volatilization of complexes 28-32 indicates that the Ap 
ligand is strongly bonded to the titanium center and the Ap2Ti unit is highly 
stable. In view of these observations, and since amido ligands have been shown 
to support Ziegler-Natta catalysts of early transition metals we assume that d0
Ap2TiR+ species are reasonably stable and could coordinate ethylene cis to the 
Ti-R bond, cis-X structures typically being the most stable structures.130-132
Fig. 28. Thermogravimetric curves for (2-ClAp)2TiCl2 (31,— – —), 
Ap2TiCl2 (28,— —), (2,6-F2Ap)2TiCl2 (30,— - - —), and (2,6-F2Ap)TiCl3 (32,- - -).IV
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4.7.4 Titanium aminopyridinates in solution 
The binding mode and coordination isomerism of aminopyridinato 
complexes can be studied by NMR. As shown in Fig. 29, in principle, the binding 
mode may be a purely amido metal bond (Fig 29. A) or a delocalized resonance 
hybrid (B). Comparison with the NMR data of other known aminopyridinatos, 
suggests the structure B in solution.IV
C2 NN
Ti
Ar
A B
H6
C2NN
Ti
Ar H6
Fig. 29. Binding modes of titanium aminopyridinato complex.IV
In 2-phenylaminopyridinato solutions at room temperature the inversion of 
configuration at the metal is rapid on the NMR time scale. It is well documented 
that six-coordinate bis(chelate) (AA)MXX’ and (AB)MXX’ complexes can undergo 
interconversion of Δ and Λ stereoisomers by twist or bond rupture mechanisms 
(Fig. 27).133
In a study of zirconium bis(aminopyridinates), Scott et al. reasoned that 
the pyridine dissociation will become less favorable as the steric demand of R is 
increased, because the aminopyridine ligand will pivot about the amido nitrogen 
as the Zr-Npy distance increases (Fig. 30).89 The N-dissociation mechanism, 
racemization via a labile trigonal bipyramidal intermediate formed by Ti-N bond 
dissociation, has been proposed for similar complexes.131,134,135 It is likely that 
racemization of our titanium 2-phenylaminopyridinato complexes proceeds by 
this same mechanism. 
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Fig. 30. Pyridine N-dissociation in zirconium bis(aminopyridinato) complex. R = 
Ph, Ad, or CHMePh; R’ = H or Me; X = CH2-t-Bu or CH2Ph.89
The increased steric bulk upon change of the phenyl group (R = Ph) to the 
bulkier adamantyl group (R = Ad) would be expected to reduce the rate of 
isomerism (Fig. 30).89 Thus, if the isomers are non-coincident, resolution 
becomes more probable.86 The measured value of the inversion barrier for the 
bis(2-adamantylaminopyridinato) zirconium complex is ΔG#298 = 60 kJ/mol.86 The 
estimated inversion barrier value for the methylbenzylamine (R = CHMePh in Fig. 
30) is 50 kJ/mol.82,89
4.7.5 Theoretical studies 
The 2-phenylaminopyridinato complexes synthesized in this work were 
modeled at the University of Joensuu. The stabilities of selected Ti+ complexes 
were modeled and compared with the stability of the cationic form of TiCl4 in an 
attempt to find correlations between complex structure and polymerization 
behavior (Table 3). The procedure was as follows: First, three titanium 2-
phenylaminopyridinato complexes were synthesized and their crystal structures 
and polymerization activities determined. These three structures were ApTiCl3
(27), Ap2TiCl2 (28), and ApTiCl2(THF)2 (29). The calculation method that gave 
results best correlating with the crystal structures was then used for the 
estimation of new complexes and polymerization activities. 
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Table 3 shows the relative energies of the configurations of the dichloride 
(Cl2) and cationic forms (Ti+) of compounds 28, 30 and 31. In theory, bis(2-
phenylaminopyridinato)TiCl2 complexes have six isomers with chlorides in cis-
position which could be considered as precatalysts for ethylene polymerization 
(Fig. 27). In the case of complexes 28 and 31, the cis,cis,cis configurations are 
favorable in the dichloro forms. The complex 30 favors the cis,cis,trans 
configuration in dichloro form. The cationic forms behave differently i.e. the 
complexes 28 and 31 prefer cis,cis,trans configurations and the complex 30
favors cis,cis,cis configuration. Similar preferences have been reported for 
bis(salicylaldimidinato)titanium dichloro complex.136 This kind of behavior might 
explain why the activities of these complexes 28, 30 and 31 are only moderate in 
ethene polymerization, i.e., the cationic form adopts the less active configuration. 
Table 3. The relative stability energies of different isomer structures of dichloro 
complexes Erel(Cl2), and their cationic forms, ERel(Ti+). Relative stabilities of the 
cationic form are relative to TiCl4.
Complex ERel(Cl2) ERel(Ti+) Relative Stability of 
Cationic Form (kJ/mol) 
Ap2TiCl2 cis, cis, cis (28) 0.0 0.0 -345 
Ap2TiCl2 cis, cis, trans (28) 7.3 - 1.7 -354 
(2,6-F2Ap)2TiCl2 cis, cis, cis (30) 0.0 0.0 -402 
(2,6-F2Ap)2TiCl2 cis, cis, trans (30) - 19.2 16.5 -367 
(2-ClAp)2TiCl2 cis, cis, cis (31) 0.0 0.0 -360 
(2-ClAp)2TiCl2 cis, cis, trans (31) 8.1 -11.1 -380 
(2,6-F2Ap)TiCl3 (32) - - -312 
TiCl4 - - 0 
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The last column of Table 3 expresses the stability of the cationic forms 
relative to that of TiCl4. According to calculations, the activity order is TiCl4 > (2,6-
F2Ap)TiCl3 (32) > Ap2TiCl2 (28) > (2-ClAp)2TiCl2 (31) > (2,6-F2Ap)2TiCl2 (30). It 
seems that the smaller the relative value the more active is the catalyst, 
indicating that the less stable the cationic form, the more active it is in 
polymerization. This correlation should, of course, be approached with caution 
since it is not known that TiCl4 represents the maximum activity. Furthermore, the 
activating routes for the complexes may differ. The model calculations were 
made for the cationic ground state and not the insertion transition state, which is 
the most probable function of the reactivity. Because of this the stabilities of the 
cationic forms and the polymerization activities will not exactly correlate. On the 
basis of the modeling it could be concluded that a more active catalyst would be 
obtained through destabilizing of the cationic form (Fig. 31): The more stable the 
cation the less exothermic the reaction irrespective of the barrier when the same 
reaction is in question. The more stable the cationic intermediate the higher the 
reaction barrier if the transition states are similar. 
The modeling idea will be reasonable if we know the size of the 
stabilization effect (ΔGstab) in the transition states (Fig. 31). If ΔGstab > ΔG#stab1,2,
the more unstable catalyst will have lower barrier in the transition state of the 
coordination of ethylene. Supposing the energies of the intermediates to be 
closely similar, the dissociation of Ap2TiMe(EtH)+ to Ap2TiMe+ and EtH should be 
easier than the dissociation of less stable Cl2TiMe(EtH)+ to Cl2TiMe+ and EtH. In 
other words, the equilibrium constant for ethylene coordination to the more stable 
cationic complex is lower than that to the less stable cationic complex.  
If the cationic ground state correlates with the cationic olefin complex 
intermediate, then the more unstable intermediate should have lower ethylene 
insertion barrier. However, it is generally accepted that the more strongly 
ethylene coordinates to the cationic center the lower is the energy of the 
intermediate and the ethylene insertion transition state is more difficult to reach.55
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Fig. 31. Effect of catalyst stabilization on the ease of ethylene uptake (Ap = 
Aminopyridinato ligand, H3CA = Me + A, A = MAO, P = polymer). 
In the preceding calculations the cationic center has been supposed to be 
similar to that prevailing with metallocenes. For the present, nobody has studied 
the electronic structure of the cationic form in titanium (Ap2TiR+) or zirconium 
aminopyridinates (Ap2ZrR+). The crystal structure of cationic niobium 
bis(aminopyridinato) complex has been published by Kempe’s group.137 The 
isolobal cationic structures Ti(NMe2)3(NC5H5)2+ (33) and (MeBr2Ox)2Zr(η2-
CH2Ph)+ (34) support the structure of the active cationic titanium 2-
phenylaminopyridinato (Fig. 32).134,137
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Fig. 32. Cationic structures Isolobal with Ap2TiR+.134,136
4.7.6 Aminopyridinate polymerization catalysts 
The behavior of three different types of aminopyridinato complexes of 
group 4 metals in α-olefin polymerization has been reported so far. Our group 
has studied mainly phenyl-substituted 2-aminopyridinates and 2,6-
diaminopyridinates, and polymerization of ethylene (for results, see Table 4). 2-
Silylaminopyridinates and 2-alkylaminopyridinates have been tested by others.
The silylaminopyridinato ligand catalysts developed by Kempe’s group have 
shown moderate activities in ethylene polymerization.112 The most active 
silylaminopyridinato complex (35) is presented in Figure 33.112 Unfortunately the 
activity of 35 in the polymerization of ethylene has not been reported, but high 
activities were obtained in the polymerization of propene and 1-butene.112 The 
group concluded that bridged silox-Ap2TiCl2 precatalysts perform poorly in olefin 
polymerization, while Ap2TiCl2 perform well. Scott and co-workers claim that N-
alkyl is better than trimethylsilyl substituent.87 Their bis(2-
adamantylaminopyridinato) zirconium catalyst (36) showed moderate activities in 
olefin polymerization (20 kg mol-1 h-1 bar-1), which exceeded all activities obtained 
with previously reported aminopyridinates (Fig. 33).87 Scott’s group also tried to 
improve the activities of silox-Ap2TiCl2 by changing the siloxy bridge to an alkyl 
bridge. Although polymerization activities of their ansa-Ap2TiCl2/MAO (37)
remained moderate (18 kg mol-1 h-1 bar-1), they were comparable with the activity 
of Cp(amidinate)TiCl2 catalyst.138 Additional tests they made with alkylated ansa-
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Ap2TiMe2 and ansa-Ap2TiBz2 with [(C6F5)3B] and [Me2NHPh][(C6F5)3B] activators 
did not produce polymer at all.87
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Fig. 33. Three known aminopyridinato precatalysts 35-37.87,112,138
4.7.7 Polymerization results 
Tables 4, 5 and 6 summarize the polymerization results of this work. The 
activity, molar mass, and molar distribution can be explained through reference 
to the transition state (Fig. 31). The ethylene insertion transition state is a 
function of the reactivity, and all effects that stabilize the transition state decrease 
the energy of the transition state and increase the rate of the polymerization 
reaction. Correspondingly, all factors that destabilize the transition state increase 
the energy and decrease the rate of the polymerization reaction. Both electronic 
factors and steric factors affect the energy level of the transition state.  
4.7.7.1 Activity 
Electron-donating substituents stabilize the ethylene insertion transition 
state and lower its energy level and the Ti-alkyl bond lengthens. Electron-
withdrawing substituents, in turn, increase the energy level of the transition state 
and the Ti-alkyl bond length shortens. The greatest difficulty in the ethylene 
insertion transition state is the insertion of alkyl to the ethylene, because alkyl 
has a strongly directed p-orbital, which must rotate about 90° before the insertion 
will succeed (Fig. 34). Comparison of activities of TiCl4 with those of titanium (IV) 
2-phenylaminopyridinates reveals that the steric factors strongly affect the 
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polymerization activity (Table 6). The size of the 2-phenylaminopyridinato ligand 
is many times that of the chlorido ligand. As the ethylene insertion transition state 
becomes more crowded, its energy level increases and the reaction rate drops 
(Fig. 34). Thus, the observed decrease in polymerization activity, TiCl4 > ApTiCl3
(27) > Ap2TiCl2 (28), is determined by both electronic and steric effects (Runs 32, 
1, and 24). When, a single chlorido ligand in TiCl4 is replaced by a 2-
phenylaminopyridine ligand the activity drops 88%, but when two chlorido ligands 
are replaced by two 2-phenylaminopyridine ligands the activity drops 91%. 
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Fig. 34. Side view of the transition state of ethylene insertion in polymerization by 
cationic bis(aminopyridinato) titanium catalyst in three different configurations  
(R = alkyl, X= Cl, F). 
Electron-withdrawing 2,6-fluorine substituents in the phenyl group (30, 32)
should increase the energy of the ethylene insertion transition state and produce 
lower activities than the unsubstituted phenyl group (28). However, the activities 
of the 2,6-fluorine-substituted catalysts (30, 32) are of the same order of 
magnitude as the activity of the unsubstituted 2-phenylaminopyridinato titanium 
catalyst (28), and the effect of 2,6-fluorine substituents on the activity is minimal. 
The ethylene polymerization activity of bis(alkylphenylaminopyridinates) 41 - 44
is lower than that of 2-phenylaminopyridinato 28 (Table 5). The alkyl substituents 
at the 2-position of the phenyl group of the 2-phenylaminopyridinato ligand in 
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complexes 41 and 44 inhibit the coordination of the monomer to the metal center; 
i.e., the steric factors suppress the polymerization activity (cf. runs 24, 28, and 
31).
The activity order of bis(aminopyridinato) complexes of titanium is 
Ap2TiCl2 (28) > (2,6-F2Ap)2TiCl2 (30) > (2-ClAp)2TiCl2 (31), which is the reverse 
of the size of the atoms Cl > F > H at 2-position. Also in this case, the stericity is 
a more dominant factor than the electronic factors. MAO pre-activation reduced 
the activity of (2,6-F2Ap)TiCl3 (32) (cf. runs 12 and 13 in Table 4). Probably, MAO 
or AlMe3 coordinated to the catalyst and reduced its electron donor effect and 
hence the activity (Run 13).  
4.7.7.2 Molar mass 
The ratio of the propagation rate (kp) to the termination (kt) rate affects the 
molar mass of the polymer. From Tables 4, 5, and 6 we can see that 
aminopyridinato catalysts form polymers of high molar mass, i.e. kp >> kt. It is 
generally agreed that substituents that donate electrons to the metal center 
cause an increase in the length of the polymer chain.60 The termination can take 
place as β-hydrogen elimination or by chain transfer to monomer mechanism 
(Fig. 9). The transition state of the β-hydrogen elimination may be disturbed by 
steric substituents because the β-hydrogen elimination needs room; steric 
substituents cause the energy of the transition state to increase and the β-
hydrogen elimination becomes more difficult. Moreover, if the ethylene has 
coordinated to the metal center it will prevent the β-hydrogen elimination. β-
Hydrogen elimination will be slower if the population of the metal-alkyl precursor 
is small compared to that of the (π-alkene)(σ-alkyl) complex.55
In the chain transfer the transition state usually bears some resemblance 
to a hydride-bis(olefin) complex, i.e. there is direct interaction between titanium 
and the hydrogen being transferred (Fig. 9). In the case of chain transfer, 
electron-donating substituents stabilize the transition state. Correspondingly, 
electron-withdrawing substituents destabilize the transition state of the 
elimination and lead to increase in the energy of the transition state and thus to 
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reduced chain transfer reaction.60 Usually the electronic effects have stronger 
influence on the molar mass than on the activity, but because there are two 
competing elimination reactions, differentiation of the electronic and steric effects 
becomes difficult.60
Nevertheless, it can be concluded from the results of Table 5 that, since 
the 2,6-difluorophenyl group is clearly an electron acceptor, it should reduce the 
chain propagation. According to the polymerization results, however, the 2,6-
difluorophenylaminopyridinato catalyst (30) doubles the growth of the polymer 
chain relative to its non-substituted congener (28). Furthermore, relative to the 
molar mass of Ap2TiCl2/MAO, one 2,6-F2Ap (32) increases the molar mass by 
29% and two 2,6-F2Ap ligands (30) increase the molar mass by 250% (cf. runs 
24, 8 and 26). From this result we can deduce that the titanium metal center must 
get electron density from somewhere, and most natural would be to suppose that 
the fluoride substituents interact with the metal center. Another possibility is that, 
in the chain transfer transition state, there is direct interaction between titanium 
and the hydrogen being transferred. Yet a third possibility is that the transition 
state of β-hydrogen interaction is disturbed and increased in energy leading to 
the higher molar mass. The latter possibility is supported by the finding that (2,6-
F2Ap)TiCl3 (32) produces shorter polymer chains than ApTiCl3 (27). The fluorides 
in the mono(aminopyridinato) (2,6-F2Ap)TiCl3 catalyst (32) probably have fewer 
possibilities to interact with the β-hydrogen of the growing polymer chain than 
those in the bis(aminopyridinato) (2,6-F2Ap)2TiCl2 catalyst (30). The effect of the 
MAO preactivation on the (2,6-F2Ap)TiCl3 catalyst (32) is clearly seen as a  
reduction (-69%) of the molar mass (runs 12 & 13). The reduction of the electron 
donor effect in the (2,6-F2Ap)TiCl3 catalyst (32) has greater effect on the molar 
mass (-69%) than on the activity (-43%). The bis(alkylphenylaminopyridinates) 
(41-44) have a positive inductive effect because they increase the molar masses 
of the polyethylenes (runs 28-31).  
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4.7.7.3 Molar mass distribution
2-Phenylaminopyridinato ligand is not a rigid ligand because the pyridine-
titanium bond is able to open and the ligand can rotate around the amido-titanium 
bond. Rotation around the pyridine-amidonitrogen bond is also possible, and the 
phenyl-amidonitrogen bond can itself rotate (Fig. 35). In other words, the 
rotational frequency of the phenylaminopyridinato ligand versus the 
polymerization rate changes and the molar mass distribution broadens. Because 
of this, exceptional molar mass distributions appear with use of the alkyl-
substituted bis(aminopyridinato) catalysts (runs 28-31). This phenomenon may 
be associated with the N-dissociation mechanism of bis(aminopyridinato) 
complexes presented by Kempe and Scott (Fig. 30).82,89
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Fig. 35. Fluxional behavior of cationic Ap2TiR+.V
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Table 4. Polymerization results obtained with titanium mono(aminopyridinates). 
NN
R1
R2
Ti ClCl
Cl
Run R1 R2 Tpa Ppb Actc Mwd Mw/Mn Tme Xc%f
1 Ph (27) H 60 5 136 804 000 2.9 136.4 63 
2 Ph (27) H 60 4 102 390 000 4.2 133.8 41 
3 Ph (27) H 60 3 89 383 000 4.1 134.0 56 
4 Ph (27) H 80 5 189 651 000 2.5 136.0 58 
5 Ph (27) H 80 4 177 135 000 3.5 132.7 52 
6 Ph (27) H 80 3 65 506 000 3.6 130.2 14 
7 2,6-F2Ph (32) H 60 7 338 541 000 2.2 133.0 32 
8 2,6-F2Ph (32) H 60 5 133 309 000 2.7 134.5 29 
9 2,6-F2Ph (32) H 60 3 61 351 000 2.1 132.9 5 
10 2,6-F2Ph (32) H 80 9 722 898 000 5.3 131.8 30 
11 2,6-F2Ph (32) H 80 8 541 630 000 3.0 135.9 55 
12 2,6-F2Ph (32) H 80 7 552 367 000 6.3 135.6 55 
13 2,6-F2Ph (32) H 80 7 316 112 000 6.2 128.1 3h
14 2,6-F2Ph (32) H 80 6 448 465 000 2.7 134.6 65 
15 PhCH2 (38) Me 60 10 1170 1 232 000 6.2 134.1 54 
16 PhCH2 (38) Me 60 9 1328 g g 134.1 52 
17 PhCH2 (38) Me 60 8 521 g g - - 
18 PhCH2 (38)  Me 60 7 280 315 000 20.9 136.6 43 
19 Me (39) H 80 7 406 643 000 13.1 131.1 11 
20 2,6-Me2Ph (40) 2,6-Me2PhNH 60 7 267 410 000 2.9 135.5 30 
21 2,6-Me2Ph (40) 2,6-Me2PhNH 60 7 202 g g 135.2 27 
22 2,6-Me2Ph (40) 2,6-Me2PhNH 60 5 136 421 000 3.7 135.0 35 
23 2,6-Me2Ph (40) 2,6-Me2PhNH 60 3 262 g g 132.9 16 
a)
 °C b) bar c) kg PE/(mol Ti h) d) g mol-1 e) °C f) Xc (%): Crystallinity = 100(Δ Hm/ Δ Hm*);  
Δ Hm* = 290 J/g g) Polymers not suitable for analysis h) preactivated with MAO  
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Table 5. Polymerization results obtained with titanium bis(aminopyridinates). 
NN
R1
R2
NN
R1
R2
Ti ClCl
Run R1 R2 Tpa Ppb Actc Mwd Mw/Mn Tme Xc%f
24 Ph (28) H 60 5 95 239000 2.4 133.4 56 
25 Ph (28) H 60 5 80 250000 2.5 135.9 55 
26 2,6-F2Ph (30) H 60 5 67 604000 4.5 136.7 57 
27 2-ClPh (31) H 60 5 56 344000 12.4 135.9 41 
28 2-EtPh (41) H 60 5 27 630000 20.0 136.8 59 
29 3,5-(Me)2Ph (42) H 60 5 47 390000 20.3 136.1 33 
30 4-n-BuPh (43) H 60 5 48 500000 26.6 132.9 22 
31 2-t-BuPh (44) H 60 5 30 390000 22.9 135.2 48 
a)
 °C b) bar c) kg PE/(mol Ti h) d) g mol-1 e) °C f) Xc (%): Crystallinity = 100(Δ Hm/ Δ Hm*);
Δ Hm* = 290 J/g
Table 6. Miscellaneous polymerization results. 
Cl
Ti
Cl Cl
Cl
N N
TiTHF THF
Cl Cl
29
Run Complex Tpa Ppb Actc Mwd Mw/Mn Tme Xc%f
32 TiCl4 60 5 1112 15000 8.6 127.4 57 
33 29 60 5 285 799000 3.0 136.8 46 
34 29 80 5 95 178000 5.7 133.0 20 
a)
 °C b) bar c) kg PE/(mol Ti h) d) g mol-1 e) °C f) Xc (%): Crystallinity = 100(Δ Hm/ Δ Hm*);
Δ Hm* = 290 J/g
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4.7.8 Comparison of 2-phenylaminopyridinate and metallocene catalysts of 
titanium 
2-Phenylaminopyridinato ligands are harder Lewis bases than 
cyclopentadienyl ligands due to the high electronegativity of nitrogen. In the case 
of titanium 2-phenylaminopyridinates, therefore, the titanium center will be more 
acidic, which will influence the titanium-alkyl bonding and hence the transition 
state of ethylene insertion. 
A comparison of the steric bulk of 2-phenylaminopyridinato and 
cyclopentadienyl ligands is difficult because the ligands are geometrically 
different. A further complication is the rotation of the 2-phenylaminopyridinato 
ligand. In general, the ground state stericity of a complex does not necessarily 
correlate with the transition state stericity although numerous attempts toward the 
determination of steric factors have been made.14,67,139-144 Assuming freely 
rotating 2-phenylaminopyridinato ligands, the steric bulk of the ligands is 
comparable with that of cyclopentadienyl ligands. The wide Cl1-Ti-Cl2 angle of 
97.03(5)° in 28 compared with 94.43° in Cp2TiCl2 implies a sterically unhindered 
Ti center in the solid state.130
The data in Table 7 shows that the performance of ApTiCl3/MAO as 
polyethylene catalyst is better than that of CpTiCl3/MAO. Conversely, the 
performance of Cp2TiCl2/MAO is better than that of Ap2TiCl2/MAO (Table 7). 
Cp2TiCl2/MAO has a lower activation barrier than Ap2TiCl2/MAO in polyethylene 
catalysis. 
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Table 7. Comparison of ethylene polymerization data for Ap and Cp titanium 
catalysts. 
 Al/Ti Temp.a Pressureb Activityc Mwd Mw/Mn
ApTiCl3/MAOIII 2000 60 5 136 804 000 2.9 
CpTiCl3/MAO 145 500 30 1 8 - - 
Ap2TiCl2/MAOIII 2000 60 5 95 239 000 2.4 
Cp2TiCl2/MAO 146 10 -20 1 1.9 - - 
Cp2TiCl2/MAO 61 500 40 1 80 203 000 2.2 
Cp2TiCl2/MAO147 500 60 1 103 - - 
Cp2TiCl2/MAO148 1000 40 1 78 - - 
Cp2TiCl2/MAO149 - 20 - 90 430 000e - 
Cp2TiCl2/MAO150 2500 50 9 24300 110 500e 4.4 
a)
 °C b) bar c) kg PE/(mol Ti h) d) g mol-1 e) Mη = viscosity average molar mass 
Kempe and Arndt concluded that even though, formally, aminopyridinato 
ligands can donate six electrons, Ap is not analogous to Cp. Because of their 
steric properties, aminopyridinato ligands act as amide-type ligand.82
5 Conclusions 
This thesis describes the polymerization of ethylene by transition metal 
catalysts with a bidentate 2-phenylaminopyridinato ligand containing pyridine and 
amido moieties. The aim of the project was to find a new Ziegler-Natta-type 
catalyst viable for ethylene polymerization. The approach selected was synthesis 
of non-metallocene titanium complexes with well defined structure to be used 
with MAO as cocatalyst. 
Aminopyridinates were selected as ligands because aminopyridinato 
complexes of transition metals show a wide range of reactivities. The synthesis 
and polymerization behavior of aminopyridinates have been of considerable 
interest in recent years.
Titanium aminopyridinato complexes can be prepared in a controlled 
manner. The aminopyridinato chelate ring clearly brings stability to the complex 
since the complex was formed in good yield when the aminopyridine was added 
to TiCl4 solution. 
Titanium 2-phenylaminopyridinates can be used to produce long chain 
polyethylene. However, the activity needs to be ten-fold of what was found here 
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in order that the catalyst could be left in the polymer as impurity; otherwise the 
use of homogeneous aminopyridinates would hardly be profitable in ethylene 
polymerization. Outside of this work, titanium 2-phenylaminopyridinates have 
also been tested as heterogeneous catalysts. However, the activities were of the 
same order as for the homogeneous titanium 2-phenylaminopyridinates. Bridged 
aminopyridinates did not solve the problem of low activity either.87 The cocatalyst 
is also a problem because a large amount of MAO is needed in ethylene 
polymerization with aminopyrinato complexes. Other cocatalysts, like B(C6F5)3
and [B(C6F5)3][Me2NHPh], give only moderate activities with ansa-Ap2TiMe2 and 
Ap2TiBz2.87
A more promising way to improve the activity is to develop a substitution in 
2-phenylaminopyridinato ligands which does not disturb the ethylene insertion 
transition state. At the same time, the steric factors should prevent the rotation of 
the 2-phenylaminopyridinato ligands. Furthermore, the electronic factors should 
stabilize the ethylene insertion transition state so that the activation barrier is as 
low as possible, because the electronic factors of a polymerization reaction are 
strongly influenced by the number and geometrical disposition of the 2-
phenylaminopyridinato ligands.  
It needs to be pointed out that 2-phenylaminopyridinates are complicated 
catalysts, and that variations of such factors as the MAO/Ap2MCl2 ratio, the 
MAO/TMA ratio, the MAO sample history, and other variables like temperature 
and solvent strongly influence the polymerization behavior, including activities 
and molar mass. The structural diversity of 2-phenylaminopyridinato complexes 
is an added bonus.
In conclusion, this work presents the first example of ethylene 
polymerization induced by a new 2-phenylaminopyridinato initiating system 
ApTiCl3/MAO.  The ApTiCl3/MAO catalyst can compete with the CpTiCl3/MAO 
catalyst but Ap2TiCl2/MAO cannot compete with Cp2TiCl2/MAO in ethylene 
polymerization activity.
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